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a b s t r a c t
Degradation induced by thermal (50–110 ◦C) and radio-oxidation of low Tg epoxy-amine networks has
been studied. It has been found that oxidation leads mainly to amide groups formation at the vicinity
of tertiary amines whatever ageing conditions (thermal or radio-oxidation at 200Gyh−1). In addition,
some species as acids, peracids or formates have been revealed indicating a chain scission process. Phys-
ical modiﬁcations as Tg decrease and soluble fraction increase due to chain scission process, have been
correlated with chemical modiﬁcations.
1. Introduction
Epoxynetworks arewidelyused as coatings in various industrial
domains. The speciﬁc constraints of coating applications lead to use
aliphatic hardeners of relatively high reactivity to perform the cure
at ambient temperature, and to limit the glass transition tempera-
ture (Tg) values to about 60–80 ◦C in order to beneﬁt of a certain
ductility and a relatively high thermal expansivity. These con-
straints limit the number of possible epoxide–amine combinations.
The most common family of networks fulﬁlling these conditions is
basedondiglycidyl ether of bisphenolA (DGEBA)–polyamidoamine
(PAA) oligomers. The adequate Tg value is obtained thanks to the
high ﬂexibility of the polyamide chain, the possibility to modu-
late the length of both DGEBA and PAA and to adjust the crosslink
density by varying the amine/epoxide functional ratio. This type of
coating is abundantly used in nuclear plants where ageing induced
embrittlement can be critical, that justiﬁes the interest of research
workers in this topic.
It is well recognized that, for networks of this family, long
term ageing is mainly dominated by oxidative degradation result-
ing from a radical chain mechanism. In the case of nuclear plants
applications, two chain initiation processes coexist: radiochemical
initiation (RI) resultingmainly frompolymer radiolysis and thermal
initiation (TI) resultingmainly fromhydroperoxide decomposition.
According to Khelidj et al. [1], RI must predominate at high dose
rates and TI at low dose rates. At predominant RI, oxidation prod-
ucts are expected to grow almost proportionally to the exposure
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time,whereas at predominant TI, oxidation kinetics are expected to
display an induction period, a strongly auto-accelerated character
and a dependence on temperature and antioxidants consider-
ably more marked than with RI. In the absence of experimental
data, there is no way to determine the respective parts of RI
and TI in ageing kinetics. This is the reason why we propose
here to compare radiochemical ageing at relatively high dose rate
(200Gyh−1) with thermal ageing at temperatures ranging from 50
to 110 ◦C.
Literature on epoxy oxidative ageing is relatively abundant, but
the number of articles remains low compared to the diversity of
network structures so that there is a limited knowledge on a given
structure. DGEBA–amine systems have, however, in common the
i-propanol moiety:
In this moiety, each CH bond is in  of an electronegative atom
(O or N), that decreases its dissociation energy and increases its
reactivity in radical chain propagation. It appears thus as a “weak
point” in the network structure, responsible for some common
features of the oxidation processes inDGEBAnetworks. These com-
mon features are for instance: gas evolution (H2, CO, CO2, CH4, etc.)
[2–4]; carbonyl growth [3–6], chain scission [5,7–11], double bond
formation [3,4,12] and amide formation [5,12–15]. It remains dif-
ﬁcult, however, to predict from these results the behaviour of new
systems on which no fundamental data are available. This is appar-
ently the case for epoxy coatings of the DGEBA–PAA type for which
an unique paper [16] reports only results of thermogravimetry, Tg
variation, contact angle and adhesive strength, interesting for prac-
Fig. 1. Chemical structure of the studied network, i and j being the degree of polymerization for DGEBA and polyamidoamine, respectively.
titioners but impossible to connect with ageing mechanisms since
the exact structure of the network is not reported.
The aim of this article is to report some results of thermal and
radiochemical ageing of a relatively well deﬁned DGEBA–PAA net-
work combining spectrochemical (IR) and physical (DSC, sol–gel
analysis) methods. The more or less remote objective is to col-
lect data to elaborate a kinetic model aimed to predict the coating
embrittlement in given exposure conditions.
2. Experimental
2.1. Materials
Epoxy–amine networks have been prepared from digly-
cidylether of bisphenol A (DGEBA) and a poly(amidoamine). The
combination of several analytical techniques (proton and carbon
NMR, steric exclusion chromatography, gas phase chromatography
coupled with mass spectrometry) enabled us to identify the chem-
ical structure of the used products, especially the average degree
of polymerization of each unit. The chemical structures obtained
from this identiﬁcation are schematized in Fig. 1. Molar mass has
been found close to 1170gmol−1 (average degree of polymeriza-
tion i∼3) for DGEBA and close to 1250gmol−1 (average degree of
polymerization j∼3.9) for the polyamidoamine. Before crosslink-
ing process, ﬁllers (among which TiO2) have been added; their
content is equal to 29.5% in mass.
The reaction between the epoxy functions of DGEBA and amines
of the hardener results in the formation of tridimensional network,
withnitrogen atomsasnetworknodes (see Fig. 1). The stoichiomet-
ric ratio amine/epoxy has been chosen equal to 1.1. As a result, one
can estimate the crosslink density (0) at 1.08mol kg−1 by using the
following relationship assuming a complete epoxide–amine reac-
tion and considering that all the tertiary amineswork as crosslinks:
0 =
nx
MNRU
= 4
2ME + rMA
(1)
where nx is the crosslink number in the network repetitive unit in
amine excess (NRU),MNRU themolarmass of thenetwork repetitive
unit (see Fig. 1), r the stoichiometric ratio, ME the molar mass of
DGEBA and MA the molar mass of polyamidoamine.
For this study, test specimens were prepared by applying thin
coats of paint (approximately 70m thick per coat) on “concrete”
substrates, of dimensions200mm×100mm×50mm. Freeﬁlmsof
each monolayer were also made, with thicknesses between 30 and
80m to insure that thermal oxidation is not controlled by oxygen
diffusion.
2.2. Exposure conditions
Thermal ageing was carried out in ventilated ovens at four
temperatures (50, 70, 90 and 110 ◦C) whereas irradiation was per-
formed by using gamma radiation (source 60CO),with a dose rate of
200Gy/h, at 50 ◦C in air, thanks to SCKEN facilities (Belgium). After
ageing, samples of coatings on “concrete” were then taken using a
cutter blade, which gave to the ﬁnal samples the appearance of a
coarser powder allowing FTIR and DSC measurements (see below).
2.3. Methods
FTIR measurements were carried out using a Bruker IFS 28
spectrophotometer. The spectra were recorded between 4000 and
400 cm−1, 64 scans were averaged for a resolution of 4 cm−1. Pel-
lets were made from a mixture of KBr powder and the sample to
be analysed in transmittance mode. Free ﬁlms have been analysed
directly in transmittance mode.
For a given species, the concentration is determined from:
[species] = εAr[Ar]ﬁlm
εspecies
A(species)
A(Ar)
(2)
where A(species) and εspecies are the absorbance and the coefﬁcient
of molar extinction of the species, respectively. The aromatic peak
at 1605 cm−1 (A(Ar), εAr) is taken as internal standard. The product
εAr [Ar] is expected to be independent of the sample geometry. It
can be determined from transmittance measurements on ﬁlms:
εAr[Ar]ﬁlm =
A(Ar)ﬁlm
lﬁlm
(3)
where lﬁlm is the ﬁlm thickness. A KBr pellet is characterized by
a given value of the aromatic peak absorbance. It is equivalent to
a ﬁlm of which the thickness would be given by Eq. (3). To assess
amideconcentration, coefﬁcientofmolar extinctionεamide hasbeen
chosen equal to 1380 lmol−1 cm−1 according to [17].
In order to identify oxidation products, certain aged samples
were treated with NH3 before being analysed a second time by
FTIR. It is well known that ammonia reacts with certain oxida-
tion products to form new products that may be identiﬁed by
FTIR spectrophotometry [12,18]. For instance, NH3 reacts with
carboxylic acids to form ammonium carboxylates which absorb
at 1580–1560 cm−1. NH3 also reacts with formates to give for-
mamides which absorb at 1690 cm−1. Finally, NH3 reacts with
esters to form amides which absorb at 1680–1660 cm−1. On the
other hand, NH3 does not react with cetones nor aldehydes.
DSC measurements were carried out using a Q10 instrument
(TA Instruments) in a nitrogen ﬂowwith a ﬂow rate of 50mlmin−1.
Fig. 2. FTIR spectra of the epoxy systemduring thermal ageing at 110 ◦C: (a) direct spectra, normalized at 1606 cm−1 in the 1850 and 1550 cm−1 range and (b) after subtraction
of the initial sample spectrum.
Fig. 3. Possible pathways for double bond formation.
After an initial temperature rise from −50 to 150 ◦C, at 10 ◦C/min,
cooling to 20 ◦C/min was applied, followed by a second tempera-
ture rise identical to the ﬁrst one. The free ﬁlms were subjected to
a run including an initial temperature rise from −20 to 150 ◦C, at
10 ◦C/min, followed by cooling to 20 ◦C/min and second tempera-
ture rise from −20 to 150 ◦C, at 10 ◦C/min. The initial temperature
rise is used to remove water, without signiﬁcant Tg changes due
to an eventual post curing. Accordingly, the Tg of the materials is
determined during the second temperature rise. Two to three tem-
perature cycles per system and per exposure time/temperature or
dose pair were carried out to check the reproducibility of the Tg
values.
Soluble fractionof samples (freeﬁlms)wasextracted ina soxhlet
using tetrahydrofurane (THF). The ﬁlmswere ﬁrst dried in a dessic-
cator for 1 week at room temperature, before being weighted then
subjected to almost 12h of extraction. The ﬁlmswere then dried for
48h in free air before being stored in a dessiccator at room temper-
ature. Their weight was then measured regularly until equilibrium
was obtained. The ﬁnal weight of the samples after extraction was
determined after a ﬁnal treatment of 24h in an oven at 70 ◦C (des-
orption of THF is thus considered as complete).
3. Results and discussion
3.1. Chemical modiﬁcations during thermal ageing
IR spectra obtained in standard conditions on a sample coated
on concrete and aged in air at 100 ◦C are shown in Fig. 2a. Changes
can be observed in the 1750–1600 cm−1 region but band over-
lapping does not allow identifying the absorbing species. Clearer
information can be obtained by subtracting the initial spectrum
from the spectra of aged samples [3] (Fig. 2b). The spectral changes
aremainly located in three relatively sharp intervals corresponding
presumably to three distinct species:
• Double bonds close to 1600 cm−1 (bands at 1624 and 1593 cm−1).
• Amides at 1667 cm−1 (predominant species).
Fig. 4. Presumed way for amide formation during oxidation.
• Carbonyls at 1730±30 cm−1 (wide band from multiple overlap-
pings).
Two distinct pathways can be imagined for double bond for-
mation. The dehydration of the i-propanol unit in the DGEBA
segments (Fig. 3a) or the disproportionation of alkyl radicals in
the polymethylenic sequences belonging to polyamidoamine seg-
ments (Fig. 3b).
Concerning amide formation, it must be recalled that amides
are initially present in the polyamidoamine segments. The only
way to form new (and distinct) amides is an oxidation of amino
methylenes in the vicinity of network nodes (Fig. 4).
Amide formation during oxidation of epoxide–amine networks
has been observed by many authors [5,12–15]. The amide yield is
correlated with electron density on the nitrogen atom, which is
especially high in the case of aliphatic amines [19]. It is not surpris-
ing to observe that (tertiary) amides are the predominant oxidation
product.
Carbonyl formation can result from various pathways. Oxida-
tion of aliphatic polyamide segments can lead to imides, but also to
aldehydes [3–6]. These latter are highly reactive and can be rapidly
transformed into peracids and then acids (Fig. 5).
Carbonyls can also result from oxidation of alcohol and ether
groups of the i-propanol unit belonging to the DGEBA moiety
(Fig. 6).
Ammonia treatment is expected to transformesters into amides
and acids into carboxylates [12,18]. The spectrum of a derivatized
sample (after 800h ageing at 110 ◦C in air—Fig. 7a), reveals the dis-
appearance of almost all the carbonyl containing species, showing
that carboxylic groups predominated largely over carbonyl ones
Fig. 5. Possible oxidation pathways for the polyamidoamine segments (PH: substrate; P•: alkyl radical).
Fig. 6. Possible oxidation pathways for the i-propanol unit.
Fig. 7. (a) FTIR spectra after subtraction of initial sample spectra for a thermally aged sample (800h at 110 ◦C) submitted to NH3 treatment and (b) FTIR spectra after
subtraction of initial sample spectra for an irradiated sample (absorbed dose of 80kGy) submitted to NH3 treatment.
Fig. 8. FTIR spectra of epoxy system during irradiation ageing at 50 ◦C up to an absorbed dose of 100kGy: (a) direct spectra, normalized at 1606 cm−1 in the 1850 and
1550 cm−1 range and (b) after subtraction of initial sample spectrum.
Fig. 9. Oxidation products build-up during thermal oxidation at 50, 70, 90 and 110 ◦C for epoxy samples on concrete.
Fig. 10. Oxidation products build-up during irradiation for a dose rate of 200Gyh−1
at 50 ◦C for epoxy samples on concrete.
(ketones and aldehydes). Carboxylate (1583 cm−1) and formamide
(1673 cm−1) appeared among other unidentiﬁed amide and imide
groups. These results are consistentwith themechanismsproposed
above.
3.2. Chemical modiﬁcations during irradiation
IR spectral changes induced by irradiation are shown in Fig. 8.
In the conditions under study (doses up to 100kGy at 50 ◦C in
air), the changes seem to be more important in the double bond
region, especially at 1590 cm−1, and less important in the carbonyl
region, especially above 1710 cm−1. Tertiary amides appear as the
predominant oxygen containing product as for thermal ageing.
Ammonia treatment does not bring supplementary information
(Fig. 7b). The fact that the carbonyl/carboxyl yield seems com-
paratively lower during irradiation than during thermal ageing
could be explained by the fact that carbonyls mainly result from
hydroperoxide decomposition. This latter is expected to depend
essentially on temperature with a relatively high activation energy
(>80kJmol−1) and to be almost independent of irradiation.
3.3. Kinetics aspects
Some kinetics curves of tertiary amide growth (at 1667 cm−1)
during thermal ageing are shown in Fig. 9. They display an induc-
tion period of which the duration is higher than 1000h at 50 ◦C, of
the order of 200–300h at 70 ◦C, about 100h at 90 ◦C and about 50h
at 110 ◦C. The auto-accelerated character of oxidation is attributed
Fig. 12. Comparison between change of oxidation products concentration and sol-
uble fraction during thermal ageing at 110 ◦C.
to the fact that hydroperoxides decomposition is, by far, the main
radical chain initiation process [20]. All the other oxygen contain-
ing species display also an auto-accelerated character in the same
timescale as amides. At short term, free ﬁlms do not differ sig-
niﬁcantly from coatings on concrete (not shown). At long term,
however, oxidation seems to be more auto-delayed in coatings
than in ﬁlms, but the difference can also be due to differences in
sampling.
Kinetic curves of amide growth during irradiation are shown
in Fig. 10. For most of the species under study, the concentration
changes are on this side of the sensitivity limit of the method.
For amides, however, one can observe a quasi linear growth at an
approximate rate of 1.5×10−4 mol l−1 h−1 corresponding to a yield
of about 6×10−7 moles of amides per Gy.
3.4. Physical modiﬁcations
The changes of glass transition temperature Tg during thermal
ageing of samples coated on concrete are shown in Fig. 11a.
Tg increases ﬁrst during an initial period of the order of
400–500h at 110 ◦C, about 1500h at 90 ◦C, at least 3000h at 70 ◦C
and more than 5000h at 50 ◦C. The rate of Tg rise is an increas-
ing function of the temperature. Exposure in nitrogen atmosphere
leads to the same Tg increase (within experimental uncertainties)
as in air (Fig. 11b). This result, and the fact that the rate of Tg
increase is maximum during the induction period of oxidation,
clearly indicates that the crosslinking process responsible for Tg
increase is not due to oxidation. It is obviously a post-cure pro-
cess linked to the presence of unreacted epoxide and amine groups
Fig. 11. Change of Tg as a function of exposure time in air at 50, 70, 90 and 110 ◦C (a); in air and under nitrogen at 90 ◦C (b).
Fig. 13. Chain scission (s) calculated from Tg values (a); chain scission calculated from soluble fraction as a function of acid concentration during thermal ageing at 110 ◦C (b).
in the unaged samples. Indeed, the rate of post-cure is expected to
decreasewith the consumption of reactive groups and Tg must tend
towards an asymptotic value corresponding to the fully cured net-
work. Here, however, Tg decreases at more or less long term, that
can be attributed to an oxidative degradation process. Degradation
occurs after the end of the induction period, as expected from the
build-up of oxidation products such as formates or acids, resulting
from chain scissions. As expected, the soluble fraction decreases in
the initial periodwhere crosslinking predominates and increases at
long term when chain scission predominates (Fig. 12). In the latter
period, it can be tried to estimate the number s of chain scissions
permass unit from Tg values, usingDiMarzio’s relationship [21,22]:
s = Tgl
2KF
(
1
Tg(t)
− 1
Tg∞
)
(4)
where Tg∞ is the Tg of the fully cured network and Tg(t) is the Tg
of the network having undergone s chain scissions. According to
Bellenger et al. [23,24]: K=2.91, F=18.9 g/mol and Tgl =329K.
The number of chain scissions determined by this method has
been plotted against acid concentration in Fig. 13a. Both quantities
are almost proportional with a ratio close to unity.
It has been also tried to determine the number of chain scissions
from the soluble fraction (sol) using the Charlesby–Pinner equation
[25]:

0
=
(
1 − sol1/2
1 − sol1/20
)2
(5)
where 0 and  are the concentrations of elastically active chains,
respectively, before and after ageing, whereas sol0 and sol are
the corresponding soluble fractions. Here 0 =1.08mol kg−1 and
sol0 = 2×10−3.
In a network with trifunctional nodes, each chain scission leads
to the disappearance of 3 elastically active chains:
 = 0 − 3s (6)
So that:
s = 0
3
⎛
⎝1 −
(
1 − sol1/2
1 − sol1/20
)2⎞⎠ (7)
From the data of Fig. 12, s values have been calculated and plotted
against acid concentration in Fig. 13b. The results are in remarkable
agreement with those of Tg measurements.
4. Conclusion
This article deals with thermal and radiochemical ageing of
an epoxy (DGEBA)–polyamidoamine network used as a polymeric
base in coatings for nuclear plants. The results of IR spectropho-
tometric, DSC and sol–gel measurements lead to the following
conclusions:
1) Post-cure reactions predominate in an initial periodofwhich the
duration is adecreasing functionof the temperatureof exposure.
In the case under study, the maximum increase of Tg was about
6 ◦C but it can vary, indeed,with the initial state of cure andwith
the temperature T of exposure. When T is signiﬁcantly lower
than the initial Tg value (which is the case here for the ageing
temperature of 50 ◦C), post-cure is expected to be very slow and
oxidative degradation can become predominant before the full
cure has been achieved.
2) Oxidative degradation always predominates at long term. It is a
very complex process owing to the diversity of oxidizable sites
in such networks. However, tertiary amides appear as the major
oxidation products, as well in thermal as in radiochemical age-
ing. It can be concluded that methylenes adjacent to tertiary
amines (e.g. crosslinks) are especially reactive to oxidation that
agreeswith previously established structure-reactivity relation-
ships.
3) Other oxygen containing species are formed in concentrations
signiﬁcantly smaller than amides, and with a yield signiﬁcantly
lower for radiochemical ageing than for thermal ageing (in the
conditions under study). Despite their relatively lower concen-
tration, certain of these species, especially acids, peracids or
formates reveal the key role of the reactions responsible for
their formation since they are necessarily chain scissions, having
consequences on physical properties.
4) The occurrence of oxidative chain scissions is conﬁrmed as well
from Tg measurements as from sol–gel analysis. Both methods
indicate that there is about one acid group per chain scission. It
is difﬁcult at this state of our knowledge to determine the part of
epoxideanddiaminemoieties in thisprocess.Understanding the
mechanism of chain scission is crucial because embrittlement
is mainly caused by this process. Experiments on well deﬁned
model systems would probably allow describing more precisely
these processes.
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